Initiation of eukaryotic genome duplication begins when a six subunit 'origin recognition complex' (ORC) binds to DNA. However, the mechanism by which this occurs in vivo, and the roles played by individual subunits appear to differ significantly among organisms. Previous studies identified a soluble human ORC(2-5) complex in the nucleus, an ORC(1-5) complex bound to chromatin, and an Orc6 protein that binds weakly, if at all, to other ORC subunits. Here we show that stable ORC(1-6) complexes also can be purified from human cell extracts, and that Orc6 and Orc1 each contain a single nuclear localization signal (NLS) that is essential for nuclear localization but not for ORC assembly. The Orc6 NLS, which is essential for Orc6 function, is facilitated by phosphorylation at its CDK-consensus site and by association with Kpna6/1, nuclear transport proteins that did not co-purify with other ORC subunits. These and other results support a model in which Orc6, Orc1 and ORC (2) (3) (4) (5) are transported independently to the nucleus where they can either assemble into ORC(1-6) or function individually.
Genome duplication among the eukarya is a highly conserved process in which either homologues or orthologues of the proteins used by the budding yeast Saccharomyces cerevisiae are found throughout the eukarya, and the sequence of events from one species to another is remarkably similar, if not identical (1, 2) . Arguably the most critical event in this process is the assembly of prereplication complexes (preRCs) throughout the genome, because it is tightly linked to cell division and highly regulated. PreRC assembly begins when the 'origin recognition complex' (ORC) binds to a DNA replication origin where it associates with another initiator protein termed Cdc6 and the helicase loading protein Cdt1 in order to mount the replicative DNA helicase Mcm(2-7) onto chromosomal DNA. Upon activation by cyclin-dependent kinase CDK2•CcnA and Dbf4-dependent kinase Cdc7, preRCs are converted into preinitiation complexes that begin DNA unwinding and DNA synthesis.
Studies of yeast and flies have led to the generally held view that ORC is a stable complex of six different subunits essential for initiation of DNA replication (1, 3, 4) . However, the organization and function of ORC subunits varies markedly among organisms (5) . ORC isolated from frog eggs lacks the Orc6 subunit, which is not essential for DNA replication (6) . ORC isolated from human cells also lacks the Orc6 subunit (7) (8) (9) (10) , and only the human ORC (1) (2) (3) (4) (5) complex is required to initiate DNA replication in an ORC-depleted frog egg extract (9, 10) . Human ORC (2) (3) (4) (5) binds to DNA and initiates DNA replication only when associated with Orc1 (9, 10, 26) . The most striking difference occurs with the Orc6 subunit. Human ORC assembled from baculovirus expressed proteins either lacks Orc6, or it is present only in trace amounts (11) (12) (13) (14) . Nevertheless, interactions between mammalian Orc6 and other ORC subunits have been detected by yeast twohybrid screens (15) , by association of ORC subunits in vitro (10, 11) , and by immunoprecipitation of ORC subunits from cell extracts (11) . Thus, the interaction of mammalian Orc6 with other ORC subunits appears tenuous.
Although ORC can assemble spontaneously in vitro, the mechanisms by which it assembles and disassembles in vivo appear to play critical roles in cell proliferation and differentiation. For example, Orc1 in yeast, flies and humans is selectively modified in a cell cycle dependent manner, thereby providing a mechanism by which ORC activity can be regulated during cell division (16) . Mitotic cell cycles and endocycles in plants appear to use different Orc1 subunits (17) . ORC appears to disassemble as cells progress from S to M phase (18) . Orc6 is required for binding ORC to DNA in flies (19), but not in yeast (20, 21) , frogs (6) , or humans (Hs) (13, 14) . On the other hand, Orc6 is essential for initiation of DNA replication in yeast and flies ScOrc (19, (22) (23) (24) (25) , although not in frogs or humans (6, 13, 14) . A role for Orc6 in mitosis and cytokinesis also has been reported in flies and humans (19, (26) (27) (28) , although it is not essential for these events in budding yeast (22, 23) . In addition, various ORC subunits May 5, 2011 appear to play a role in heterochromatin assembly, ribosomal biogenesis, centrosome and kinetochore function, sister chromatin cohesion and neural dendritic branching (5, (29) (30) (31) . Collectively, these varied and seemingly contradictory observations suggest that ORC assembly is a dynamic rather than a static process.
To account for these observations, we reasoned that assembly of vertebrate ORCs in vivo may occur through independent pathways in order to allow assembly of different complexes and to accommodate the various functions currently ascribed to individual subunits. Here we demonstrate that human Orc6 and Orc1 are transported into nuclei independently of the ORC(2-5) core complex. These components can then either be assembled into ORC(1-5), ORC(2-6) and ORC(1-6) complexes, or function individually. Such a mechanism would allow the six ORC subunits to elicit the broad spectrum of activities suggested in the literature.
Experimental Procedures
Cells-The human cell lines HeLa (#CCL-2, American Type Culture Collection) and HeLa-RR, and their culture conditions have been described (9) . These cells were synchronized as they entered S-phase by culturing them in the presence of 4 mM dThd for 18 hours, then in fresh medium for 12 h, and again with dThd for 16 hours. Cells were arrested in metaphase by culturing them in the presence of dThd for 18 hours and then releasing them into 100 ng/ml Nocodazole for 8 hours. HeLa-RR lines that constitutively expressed either wild-type or mutant Orc6 genes in the absence of continual selection of a genetic marker were constructed as previously described (9) .
Recombinant Proteins-A full-length human Orc6 open reading frame was amplified from HeLa cell RNA using reverse transcriptase and PCR to produce a DNA copy that was then cloned into the XhoI/NotI site in pCI (Promega). The cloned human Orc6 sequence was identical to that given under accession number NM_014321 (National Center for Biotechnology Information). Orc6 deletions and amino acid substitutions were generated by PCR amplification. The sequence 198-RKRKK-202 was converted into AAAVA. The single valine created a PstI site that facilitated cloning. The site-directed mutagenesis kit from Promega was used to clone the -NLS, T195A and T195E mutants into pCI. All of the primers used in these constructions are available upon request.
Affinity
Purification of ProteinsPurification of FH-Orc6 proteins was carried out by a two-step affinity purification protocol, as described previously (9) . In brief, FH-Orc6 protein was purified from TK100 extracts of HeLa-RR cells. TK100 was previously termed B100 [20 mM Tris-HCl (pH 7.9), 100 mM KCl, 5 mM MgCl 2 , 10% glycerol, 0.1% Nonidet P40, 10 µM leupeptin, 1 µM pepstatin, 1 µM PMSF, and 0.5 µg/ml aprotinin]. About 500 ng FLAG-ORC (estimated by Coomassie Blue staining) was incubated with anti-HA resin, and the beads were then washed and eluted with HA peptide (Roche) in TK100 buffer. The eluate was fractionated by SDS-PAGE and stained with colloidal Coomassie Blue stain or silver stain (SilverSnap kit, Pierce) to estimate the protein amount, and the amino sequence of the major bands in the stained gel was determined by nano-HPLC/mass spectroscopic analysis (32) .
To purify ORC(1-6), HeLa-RR cells were lysed in GN50 [20 mM glycylglycine (pH 9.0), 50 mM NaCl, 5 mM MgCl 2 , 10% glycerol, 1 mM ATP, 0.1% Nonidet P40, 10 µM leupeptin, 1 µ M pepstatin, 1 µ M PMSF, and 0.5 µ g/ml aprotinin]. When FH-Orc6 was used as the affinity tag, ORC(1-6) was purified from the GN50 extract by the two-step affinity purification protocol (9) , except that GN buffers were used. When FH-Orc1 was used as the affinity tag, the GN50 extracted HeLa-RR cell pellet was extracted further with GN300 (300 mM NaCl instead of 50 mM NaCl) to maximize recovery of Orc1 protein. To preserve to the greatest degree the existing ORC(1-6) complex, each step was performed at 4°C: 15 min extraction, 15 min centrifugation at 15,000 x g, 1 hour incubation of antibody with antigen, 6 washes each with 20 resin volumes GN50, and a 1 hour elution of resin with either FLAG or HA peptide in GN50. May 5, 2011 Ghosh et al.
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Immuno-Fluorescence-Cytology was done as previously described (9) , except that mouse anti-FLAG antibody (Sigma) was diluted 1:1500 in PBS, and rabbit anti-Orc6 antibody was diluted at 1:1200 in PBS. Images were merged using either MetaVue software (Universal Imaging) or Adobe Photoshop.
Western
Immuno-blottingWestern immuno-blotting was done as described previously (9) . Proteins were fractionated by SDS polyacrylamide gel electrophoresis. Proteins were detected with anti-FLAG M2 monoclonal antibody (Sigma), goat antikaryopherin-α1/6, 1:500 (#sc6918, Santa Cruz biotechnology); goat anti-karyopherin-β, 1:500 (#sc1863 Santa Cruz biotechnology); and mouse anti-NPI-1, 1:250 (#37-0800, Invitrogen). Mouse anti-NPI-1 is specific for the NPI-1 (nucleoprotein interactor-1, karyopherin-α1) protein.
Goat anti-Kpna1/6 detects karyopherin-α1 and karyopherin-α6. Rabbit anti-Orc6 antibody was generated in our laboratory against the entire human Orc6 protein expressed in E. coli. The antigen-antibody complex was detected with HRP-conjugated antibodies (Amersham Biosciences) followed by Super Signal West Dura Extended Duration Substrate kit (Pierce). Goat polyclonal antiLamin B (Santa Cruz Biotechnology), anti-Orc1 (Santa Cruz Biotechnology), anti-Orc2 (Santa Cruz Biotechnology), anti-Orc3 (US Biological), and anti-Orc4 (Abcam) were used at a dilution of 1:500, followed by HRP-conjugated rat anti-goat antibody (1:30,000, Pierce).
In Vivo Phosphorylation-Cells were cultured in the presence of radioactive phosphate and then extracted with TK100. FH-Orc6 was affinity purified from these lysates using anti-FLAG resin, fractionated by SDSpolyacrylamide gel electrophoresis and the 32 
RESULTS
Orc6 contains a single nuclear localization signal-We reasoned that if the human Orc6 protein were transported into the nucleus independently of other ORC proteins, it would require its own nuclear localization signal (NLS). Therefore, to identify a functional NLS in Orc6, deletions were constructed throughout the entire length of the human Orc6 molecule (Fig. 1A) . Orc6 proteins from different species were aligned in order to identify the nonconserved regions where end-points for each deletion were less likely to interfere with functional domains. Each protein was tagged at its N-terminus with the FLAG-hemagglutinin epitopes (FH) to facilitate its purification, and HeLa cell lines that constitutively expressed one of these proteins were constructed. Subsequent analysis revealed that each recombinant FHOrc6 mutant was expressed at levels equivalent to that of FH-Orc6 wild-type protein (Fig. 1B) . However, whereas deletions 6A, 6B, 6C, 6E and wild-type Orc6 each localized to the nucleus of interphase cells, deletion 6D (residues 163-204) localized to the cytoplasm, regardless of whether it was expressed transiently or constitutively, or if it was expressed in monolayers or in suspension cultures of HeLa cells ( Fig. 2 ; data not shown). Thus, only deletion 6D affected nuclear localization.
Comparison of the sequences of Orc6 proteins from seven different vertebrates revealed the presence of an NLS consensus sequence within deletion 6D consisting of KIGLQ-N 11 -PPRKRKK (Fig. 1C) . To determine whether or not this sequence was, in fact, the Orc6 NLS, the basic amino acid sequence RKRKK was replaced with the neutral amino acid sequence AAAVA to generate a NLSdefective mutant [ Fig. 1C , FH-Orc6(-NLS)]. Expression of FH-Orc6(-NLS) was equivalent to May 5, 2011 FHOrc6(wt) (Fig. 1B) , and Orc6(-NLS), like Orc6(6D), localized to the cytoplasm in both transient and constitutive expression assays (Fig.  2) . Therefore, HsOrc6 contains a single NLS within residues 180 to 202.
Orc6 phosphorylation facilitates nuclear localization-Orc6 contains a single CDKdependent consensus phosphorylation site (S/T-P-X-K/R) at T195 (Fig. 1C) , suggesting that phosphorylation at this site may affect nuclear localization. Therefore, two mutants were constructed in which T195 was changed either to alanine (T195A) in order to prevent phosphorylation at this site, or to glutamate (T195E) in order to mimic phosphorylation at this site. Both mutants carried the FH epitopes at their N-terminus, and both were expressed constitutively to levels comparable to wild-type FH-Orc6 (Fig. 1B) . When Orc6(T195A) was expressed transiently in HeLa cells, the protein was distributed throughout both nucleus and cytoplasm ( Fig. 2) , whereas transiently expressed Orc6(T195E) was localized to the nucleus in 90% of the cells (Fig. 2 ) and distributed throughout both nucleus and cytoplasm in 10% of the cells (data not shown).
To determine whether or not Orc6 is phosphorylated at T195 in vivo, cells expressing either FH-Orc6, FH-Orc6(T195A), or FHOrc6(T195E) were cultured in the presence of radioactive phosphate and then FH-Orc6 was affinity purified from cell lysates using anti-FLAG resin, fractionated by SDSpolyacrylamide gel electrophoresis, and the 32 Plabeled FH-Orc6 visualized by autoradiography. Only wild-type Orc6 was radio-labeled significantly, revealing that Orc6 was indeed phosphorylated in vivo primarily, if not exclusively, at T195 (Fig. 1D) .
These results suggest that CDK-dependent phosphorylation of HsOrc6 facilitates its localization to the nucleus. However, when Orc6(T195A) and Orc6(T195E) were expressed constitutively in HeLa cells, both proteins localized to the nucleus (Fig. 2) . Therefore, as previously shown for the SV40 large tumor antigen (33) , phosphorylation at the NLS can expedite nuclear localization, but it is not essential for nuclear localization. The fact that cellular levels of Orc6(T195A) were several fold greater during transient expression than during constitutive expression would amplify the facilitating effect of phosphorylation Orc6 is bound to karyopherin-α-Proteins that localize to the nucleus generally, if not always, associate with one of the karyopherin-α (Kpna) or karyopherin-β nuclear transport proteins (34, 35) . To determine whether or not HsOrc6 in its native environment is bound to a nuclear transport protein, FH-Orc6 was purified by double affinity chromatography from HeLa cells that expressed it constitutively. Previous applications of this strategy demonstrated that constitutively expressed FH-Orc1 and FH-Orc2 proteins modeled their endogenous counterparts (8, 9) . They are assembled into ORCs in the nuclei of G1-phase cells where they preferentially bind to DNA replication origins and stimulate DNA replication. Moreover, FHOrc1, like endogenous Orc1, is selectively degraded during S-phase.
Although all of the FH-Orc6 was localized within the nucleus of all interphase cells stained with anti-FLAG or anti-HA antibodies (examples in figure 2 ), most of the FH-Orc6 was solubilized when cells were lysed with TK100, a Tris buffered nonionic detergent containing 100 mM KCl (Fig. 3A) . The remaining FH-Orc6 could be extracted with TK300, the same concoction but with 300 mM KCl instead of 100 mM KCl. The soluble FH-Orc6 was bound to anti-FLAG resin and then recovered by eluting with FLAG peptide (Fig. 3B ). HeLa cells that harbored the expression vector alone served as a negative control. To further eliminate proteins that were not associated specifically with FHOrc6, the FLAG peptide eluted proteins were purified a second time by binding them to anti-HA resin and then eluting with HA peptide. The resulting Orc6-associated proteins detected in asynchronous populations of cells could be enriched by synchronizing cells either in S-phase with excess thymidine, or in metaphase with nocodazole, or in G2/M by releasing cells from the thymidine block for 9 hours (Fig. 3C) . The major bands in the HA eluate from FH-Orc6 expressing cells that were absent from the eluate from control cells were then excised and analyzed by mass spectrometry. Nine peptides were identified from Kpna6 and 5 peptides from May 5, 2011 Kpna1, two proteins with extensive sequence homology (36) . This protein was clearly enriched in all three populations of synchronized cells. None of the Orc6-associated proteins were known to be involved in DNA replication.
The existence of an Orc6•Kpna complex was confirmed by affinity purification. FH-Orc6 in a TK100 cell extract was eluted from anti-FLAG resin with FLAG peptide, and the eluate was subjected to Western immuno-blotting using two different antibodies that recognize both Kpna1 and Kpna6. Both antibodies detected Kpna associated with Orc6 ( Fig. 3D ; data not shown). Moreover, Kpna in the purified FHOrc6 fraction was enriched considerably relative to Kpna in the TK100 extract (Fig. 3D) . In contrast to FH-Orc6(wt), Kpna was absent from affinity purified FH-Orc6(-NLS) (Fig. 3D ). This result reflected the fact that Kpna binds to stretches of basic amino acids within the NLS (37), the same residues that were changed to neutral amino acids in the -NLS mutant.
To determine whether or not Kpna associated with native Orc6 as well as FH-Orc6, a rabbit polyclonal antiserum was prepared against the intact Orc6 protein. This antiserum did not recognize any of the other ORC subunits, and it did not recognize Kpna (data not shown). Immuno-precipitation of Orc6 from TK100 lysates using anti-Orc6 antibodies confirmed that Kpna interacted specifically with Orc6 (Fig.  3E) ; it did not depend either on the presence of FLAG or HA peptides, or on over-expression of a recombinant Orc6 protein in HeLa cells. In contrast to Kpna, Kpnb was easily detected in TK100 lysates, but it did not co-purify with FH-Orc6 (Fig. 3F) . This was consistent with the fact that Kpnb dissociates rapidly from proteinKpna complexes immediately after they enter the nucleus (34) .
To determine whether or not the Orc6 CDK phosphorylation site was required for Orc6 binding to Kpna, FH-Orc6 wild-type, T195A and T195E proteins were immuno-precipitated from TK100 lysates of cells that constitutively expressed these proteins. Kpna was associated with Orc6(T195A) and Orc6(T195E) as well as with wild-type Orc6 protein (Fig. 1D) , revealing that that Orc6 phosphorylation was not essential for binding Kpna.
Kpna is bound to free Orc6-Orc6 is localized to the nucleus where it is presumed to function as a component of ORC. To determine what fraction of the FH-Orc6 was associated with Kpna and what fraction was associated with ORC, FH-Orc6 was immuno-precipitated from a TK100 cell extract using anti-FLAG antibody and then fractionated by glycerol gradient centrifugation (Fig. 4A) . By far the largest fraction of FH-Orc6 migrated as a monomer (31 kDa). A smaller fraction migrated as a binary complex with Kpna (91 kDa). The smallest fraction of FH-Orc6 migrated as a complex with other ORC subunits (~400 kDa). This result is consistent with the formation of an Orc6•Kpna complex in the cytoplasm that is then transported into the nucleus where Kpna is released and Orc6 associates with other ORC subunits.
Only the Orc6 subunit is associated with Kpna-To determine whether or not Kpna facilitates nuclear localization of other ORC subunits, FH-tagged ORC subunits 2, 3, 4, 5 and 6 were was isolated from TK100 lysates of cells that constitutively expressed the protein, and then and affinity eluted from anti-FLAG resin. Lysates were prepared from the same number of cells. FH-Orc1 was purified by the same procedure, but from TK300 lysates. The purified proteins were then fractionated by SDS gel electrophoresis and immuno-blotted using either anti-Kpna or anti-FLAG antibodies. Kpna was detected only with Orc6 (Fig. 4B) , even when larger amounts of FLAG eluent were analyzed. The anti-Kpna antibody also detected an unidentified 50 kDa protein associated only with FH-Orc5. The goat anti-Kpna1/6 used to detect Kpna was made against a peptide from the C terminus of human Kpna1, a region that is almost identical to the corresponding regions in human Kpna6 and Kpna5, suggesting that the antibody recognizes several Kpna paralogs. Thus, analysis of equivalent amounts of cell lysate detected Kpna associated only with Orc6, suggesting that Kpna selectively transports the Orc6 subunit into the nucleus.
Association between Orc6 and other ORC subunits is tenuous-Previous studies found that human and frog Orc6 binds weakly, if at all, to other ORC subunits (see Introduction). For example, FH-Orc2 purified by double affinity chromatography from TK100 extracts of HeLa cells that express this protein constitutively copurifies with Orc3, Orc4 and Orc5, but not with Orc6 (9). Orc1 was present only when these cells were extracted with TK300, suggesting that Orc1 is required to bind a stable ORC(2-5) core complex tightly to the chromatin fraction. Therefore, either Orc6 did not form a tight complex with other ORC subunits under these extraction and purification conditions, or the amount of Orc6 associated with other ORC subunits was too low to be detected by the colloidal Coomassie stain used to identify protein bands for mass spectrometry analysis.
To determine whether or not Orc6 was associated with any of the other ORC subunits, HeLa cells constitutively expressing FH-Orc3, FH-Orc4, FH-Orc5 or FH-Orc6 were lysed in TK100 and the epitope tagged protein purified by affinity chromatography on anti-FLAG resin (Fig. 5A ). As previously found by affinity purification of FH-Orc2, ORC(2-5) was purified from TK100 lysates and ORC(1-5) was purified from TK300 lysates. Orc6 did not co-purify with FH-Orc3, FH-Orc4 or FH-Orc5. However, both Orc2 and Orc3 did co-purify with FH-Orc6, revealing that a small fraction of the Orc6 localized within nuclei was part of a complex consisting of ORC(2-6). Purification of FH-Orc6 from a TK300 lysate was not associated with other ORC subunits.
To determine whether or not the ORC complexes in the FLAG eluents were stable, they were purified further by affinity chromatography on anti-HA resin (Fig. 5B) . As before, complexes consisting of ORC(2-5) and ORC(1-5) were recovered easily, and therefore were considered stable under these conditions. However, consistent with the results in figures 3B and 3C, ORC(2-6) was not recovered.
ORC (1) (2) (3) (4) (5) (6) can be purified from cell lysates-Based on the results described above, we reasoned that the absence of Orc6 from ORC complexes might have been due simply to the absence of optimal conditions for protein-protein interactions among ORC subunits. Indeed, small variations in the relative amounts of salt and detergents in the lysis buffer, as well as the speed and efficiency of cell breakage, are particularly important in the isolation of proteins that associate with macromolecular structures (38) . Therefore, conditions for purification of ORC(1-6) from cell lysates were reinvestigated. These included extensive titrations using MES, PIPES, HEPES, Tris, glycylglycine or CAPSO buffering agents to cover the range from pH5 to pH10. Both potassium and sodium salts were tested at various concentrations with chloride, acetate or glutamate as the anion. In addition, consideration was given to stabilizing agents such as glycerol, sucrose and polyethylene glycol, detergent concentration, and the effect of ATP. The results revealed that an extraction buffer containing glycylglycine (pH 9.0), NaCl, and 10% glycerol allowed purification of ORC(1-6) complexes from human cell extracts.
Extracts of HeLa cells that expressed constitutively FH-Orc1, FH-Orc2 or FH-Orc6 were subjected first to affinity chromatography against the FLAG epitope, then to affinity chromatography against the HA epitope, and finally to fractionation by glycerol gradient sedimentation. In each case, an ORC(1-6) complex sedimented between 158 kDa and 670 kDa (Fig. 6) . The fact that the apparent molecular weight of ORC complexes containing all six subunits was the same regardless of which of the three ORC subunits were purified suggested the presence of a single protein complex containing all six ORC subunits. Moreover, FH-Orc2 and FH-Orc6 complexes were purified using buffers containing 50 mM NaCl, whereas the FH-Orc1 complex was purified using buffers containing 300 mM NaCl in order to insure complete release of FH-Orc1.
The apparent molecular weight of the ORC(1-6) detected under these conditions was consistent with the presence of one copy of each subunit. Such a complex would have a molecular weight of 380 kDa. The absence of higher molecular weight aggregates of Orc proteins suggests that the purified complexes were not simply random aggregates, but rather a soluble, specific, stable, multimeric complex that survived the 12 hours required for two affinity purifications and one glycerol gradient sedimentation.
Using conditions developed for stabilizing ORC(1-6), the importance of the Orc6 NLS, and (Fig. 7) . Moreover, the Orc6 NLS remained essential for binding Kpna. This conclusion was confirmed by fusing the SV40 large tumor antigen NLS onto FH-Orc6(-NLS), which restored Orc6(-NLS) nuclear localization and binding to Kpna, The SV40 large tumor antigen NLS, like that of Orc6, is mediated by association with Kpna (39).
The Orc6 NLS is essential for Orc6 function-The results described above show that the Orc6 NLS is required to bind Kpna and localize Orc6 to the nucleus, but not for association of Orc6 with other ORC subunits. Therefore, to determine whether or not nuclear localization of Orc6 is required for Orc6 function, endogenous Orc6 expression in HeLa cells was suppressed with siRNA targeted against its 3'-nontranslated region so that the effects of constitutively expressed recombinant FH-Orc6 could be evaluated. Under conditions where endogenous Orc6 protein was not detected, cell proliferation ceased with most cells arrested either with a 2N (G1-phase) or 4N (G2 and M-phase) DNA content (Fig. 8, + vector row). When the same experiment was carried out in cells that constitutively expressed wild-type recombinant FH-Orc6 protein, cell proliferation was restored (Fig. 8 , + Orc6(wt) row). Thus, recombinant Orc6 can replace of endogenous Orc6, thereby demonstrating that the effects of siOrc6-3' were specific for the Orc6 gene. In contrast, constitutive expression of recombinant Orc6 lacking a functional NLS did not compensate for loss of endogenous Orc6 (Fig. 8, + Orc6(-NLS) row) . Therefore, consistent with previous studies showing that siRNA suppression of human Orc6 expression retards both DNA replication and cytokinesis (28), nuclear localization of Orc6 is essential for cell proliferation.
Orc1
localizes to the nucleus independently of the other ORC subunits-Given that Orc1 as well as Orc6 interact weakly with the ORC(2-5) core complex, we considered the possibility that Orc1 also is localized independently to the nucleus. The same strategy used to identify the human Orc2 (9) and Orc6 ( Fig. 1 ) NLS was applied to Orc1. A series of deletions were constructed throughout the Orc1 protein, tagged at their N-terminus with FLAG-HA epitopes, and expressed constitutively in HeLa cells (Fig. 9A) . The results restricted the NLS to residues 240 to 288, a region in which previous studies had identified a NLS at residues 259 through 266 (PGRIKRKV) in transient expression assays (40) . Therefore, this sequence was changed from RIKRK to GLEGV, and the resulting recombinant FH-Orc1(-NLS) protein was expressed constitutively in HeLa cells. The result confirmed that PGRIKRKV was required to localize Orc1 to the nucleus; FH-Orc1(-NLS) was distributed throughout both the nucleus and cytoplasm, whereas all other Orc1 variants were localized to the nucleus ( Fig. 9C ; data not shown). Furthermore, FH-Orc1(wt) and endogenous Orc1 were recovered almost exclusively in the TK300 extract, but about 15% of FH-Orc1(-NLS) was recovered in the TK100 extract.
Transient over-expression of Orc1 deletion mutants in human cells has also revealed that the C-terminus of Orc1 containing the AAA+ domain (residues 501-861) is necessary and sufficient for assembly of ORC(1-5) (11) . Since this region does not include the NLS, Orc1 may be capable of nuclear localization independently of the other ORC subunits. To test this hypothesis, HeLa cells that constitutively expressed various FH-Orc1 mutants were tested for their ability to localize Orc1 to the nucleus and for their ability to form ORC complexes. Deletion of the C-terminal winged-helix motif (amino acids 783-861) prevented association of Orc1 with either Orc2 or Orc3 (Fig. 9B) , but it did not prevent Orc1 localization to the nucleus (Fig. 8C) . Therefore, Orc1 can accumulate in the nucleus without associating with other ORC subunits. Moreover, none of the remaining regions of Orc1 were required for ORC assembly, including residues 482 to 744 that contain the AAA+ motif. Thus, we conclude that the winged-helix motif is the only region of Orc1 required for its association with other ORC subunits. Taken together with the data of Siddiqui and Stillman (11), the May 5, 2011 Ghosh et al.
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winged-helix domain is necessary, but not sufficient, to bind ORC(2-5); it must be extended by additional amino acid residues that are provided either by the N-terminal region or the AAA+ region of the Orc1 protein.
DISCUSSION
The results presented here demonstrate three novel characteristics of the human ORC. First, human Orc6 localizes to the nucleus independently of other ORC subunits through a karyopherin-α, phosphorylation modulated NLS that is essential for ORC function, but not for ORC assembly. Similarly, the Orc1 NLS and ORC assembly domains also function independently, thereby allowing Orc1 to localize to the nucleus independently of the other ORC subunits. Finally, stable ORC assemblies that include Orc6 can be purified from human cells. The heretofore elusive nature of ORC(1-6) assemblies results both from weak interactions between Orc6 and the other ORC subunits, and a low ratio of endogenous Orc6 to ORC(2-5). Moreover, Kpna may interfere with association of Orc6 and other ORC subunits outside of the nucleus.
These results, together with those reported previously from this and other laboratories, support a dynamic model for ORC assembly in human cells in which Orc6, Orc1 and ORC(2-5) localize independently to the nucleus where either they can assemble into various combinations of ORC subunits, or they can function independently of one another (Fig. 10 ). Such a model allows ORC subunits to serve in a variety of roles during cell proliferation and differentiation.
Nuclear localization of Orc6-Human
Orc6 is localized to the nucleus through association of its single NLS with Kpna6 and/or Kpna1, two of seven Kpna paralogs whose function is to transport other proteins to the nuclear pore complex where Kpna is released by Kpnab and the cargo protein, Orc6 in this case, is transported into the nucleus. Kpna6/1 was not associated with any of the other ORC subunits, suggesting that Orc6 is transported into the nucleus independently of the other ORC subunits. The fact that inactivation of the Orc6 NLS prevents both nuclear localization of Orc6 and cell proliferation demonstrates that nuclear localization of Orc6 is essential to Orc6 function. In the absence of Orc6 function, cells accumulated both in G1 and in G2 or M phase, consistent with previous reports that siRNA suppression of either human or Drosophila Orc6 expression retards both DNA replication and cytokinesis (27, 28) .
The fact that the Orc6 NLS is essential for nuclear localization and for Orc6 function in vivo, but not for association of Orc6 with other ORC subunits in cell extracts, reveals that assembly of ORC(1-6) must occur within the nucleus. If Orc6 was transported into the nucleus by associating with other ORC subunits that had an NLS, then the Orc6 NLS would be dispensable. Consistent with this conclusion is the fact that Kpna dissociates from its cargo only after transporting it into the nucleus (34, 35) , and the observation that Kpna co-sedimented with affinity purified FH-Orc6 during glycerol gradient sedimentation, but not with ORC(2-6). Nuclear localization was facilitated by phosphorylation of Orc6 at its single CDK consensus phosphorylation site in transient expression assays, but a comparable effect was not observed in cells that expressed Orc6 constitutively. The fact that this phosphorylation site is adjacent to the NLS suggests that it may regulate Orc6 activity by regulating Orc6 nuclear localization, a hypothesis that was supported by transient expression of Orc6 mutants. Orc6 phosphorylation was not required for Orc6 association with other ORC subunits.
The bonds between Orc6 and ORC(2-5) were significantly weaker than the bonds between ORC subunits 2, 3, 4 and 5. ORC(2-6) was stable enough to survive immunoprecipitation and then glycerol gradient sedimentation, but very little of it survived a second round of affinity purification. In addition, the level of Orc6 relative to other ORC subunits limited ORC(2-6) assembly. The cellular level of endogenous Orc2 was 5-times that of endogenous Orc6, thereby limiting the ratio of ORC(2-5) to ORC(2-6) to about 4 to 1. Since cells that constitutively expressed recombinant Orc6 contained about 30 times the level of endogenous Orc6, the amount of May 5, 2011 ORC(2-6) was proportionally increased to a detectable level.
Nuclear localization of Orc1-Previous studies have shown that the ORC1 subunit is required for ORC to initiate DNA binding, prereplication complex assembly, and DNA replication in the cells of yeast, insects, frogs and humans (1, 13, 14) . Although human ORC(2-5) accumulates in the nucleus, only ORC(1-5) is associated with the chromatin fraction [(9) and Fig. 3] , consistent with earlier studies showing that Orc1 is required both for binding ORC (2) (3) (4) (5) to DNA in vitro, and for initiation of ORC-dependent DNA replication in Xenopus egg extract (13, 14) . In vitro, Orc1 first associates with ORC(2-5) and then ORC (1) (2) (3) (4) (5) binds to DNA in a reaction that requires binding of ATP to Orc1 (10, 11, 13) .
The results presented here show that, in vivo, Orc1 localizes to the nucleus independently of the other ORC subunits. However, in contrast to Orc6, Kpna was not detected in association with Orc1 by either of the two Kpna antibodies used in this study. These antibodies were prepared against either Kpna1 or Kpna6. Other ORC subunits may bind a different Kpna paralog (at least seven exist in human cells). Kpna serves as an adaptor that links cargos and importin-β. Six different NLS classes have been identified that bind specifically to distinct domains of Kpna proteins (37) . Alternatively, the NLSs identified in Orc1, Orc2, and Orc3 may associate directly with one of the 19 human karyopherin-β/importin-β molecules that bind cargo to the nuclear pore complex (34) .
Orc1 contains a single NLS that is required for nuclear localization. Inactivation of this NLS resulted in both nuclear and cytoplasmic distribution of Orc1 (Fig. 7C) , but it did not affect assembly of ORC(1-5) (Fig. 7B) . Therefore, this putative NLS may actually be a nuclear retention signal, and exclusive Orc1 nuclear localization may result from association with other ORC subunits. However, this was not the case. Orc1 contains a single ORC binding domain that was required for assembly of ORC(1-5), but not for nuclear localization of Orc1. Therefore, Orc1 is translocated to the nucleus where it subsequently associates with other ORC subunits. In early G1, Orc1 is distributed throughout the cell nucleus, but as cells progress through late G1 and S-phase, Orc1 preferentially associates with heterochromatin, a phenomenon associated with amino acids 151 through 269 (40) .
Nuclear localization of ORC(2-5)-
The demonstration that either Orc1 or Orc2 protein tethered to a plasmid DNA can trigger initiation of plasmid DNA replication, whereas either Orc5 or Orc6 protein could not (41) suggests that Orc1 and Orc2 can initiate assembly of prereplication complexes whereas Orc5 and Orc6 cannot. Mammalian ORC(2-5) can assemble spontaneously in vitro from individual ORC subunits under a variety of conditions (7) (8) (9) (10) (11) (12) (13) (14) . Assembly begins with formation of an ORC(2, 3, 5) complex to which Orc4 binds in a manner that requires binding of ATP to both the Orc4 and Orc5 subunits (11, 12) (Fig. 8) . The available evidence suggests that ORC(2-5) is assembled in the cytoplasm and then rapidly transported into the nucleus where it interacts either with Orc1 or with Orc6 (Fig. 8) . Associations between Orc2, Orc3, Orc4 and Orc5 proteins have been demonstrated in the cytoplasm of living cells, in the cytosol of cell extracts, in baculovirus expressed proteins, and in yeast two-hybrid screens (7, 9, 10, 15) . Orc2 plays a central role in maintaining ORC (2) (3) (4) (5) within the nucleus, independent of its role in binding ORC to DNA. Orc2 contains a single 'ORC assembly domain' that is required to form a stable complex with all other ORC subunits, and two NLSs, one that lies outside the ORC assembly domain, and one that lies within (9) . Both NLSs are required to localize Orc2 exclusively to the nucleus; wild-type Orc2 does so as an ORC(2-5) complex, but Orc2 mutants that do not associate with other ORC subunits but retain both NLSs also localize to the nucleus. Orc2 NLS mutants that localized exclusively to the cytoplasm failed to assemble ORC(2-5), suggesting either that ORC(2-5) assembly is restricted to the nucleus, or that NLS-B, which is part of the ORC assembly domain, is required for ORC(2-5) assembly as well as for nuclear localization. The second option appears more likely. Selective inactivation of NLS-A (located outside the ORC assembly domain) resulted in distribution of Orc2 throughout both nucleus and cytoplasm, but it did not interfere with ORC(2-5) assembly, suggesting that assembly can occur in both cellular compartments. In support of this conclusion, analysis of murine Orc2 and Orc3 interactions in living cells detected Orc2•Orc3 complexes of transiently expressed Orc2 and Orc3 proteins in the cytoplasm as well as in the nucleus where prereplication complexes are assembled (42). However, Orc3 lacking the N-terminal 28 amino acids that contain a putative NLS localized to the cytoplasm where it remained in contact with Orc2, suggesting that ORC(2-5) core complexes require both the Orc2 and Orc3 NLSs in order to translocate to the nucleus. An NLS has not been reported for either Orc4 or Orc5, but these could be transported into the nucleus through association with Orc2 and Orc3. In either case, nuclear localization does not depend on association with chromatin, because both Orc1 and Orc2 mutants that cannot form ORCs still localize to the nucleus as long as their NLSs are intact. Nuclear localization of ORC(2-5) also does not appear to involve Kpna1 or Kpna6, since the antibodies used in this study detected these proteins associated only with free Orc6 protein. shown). Only deletion mutant 6D and the NLS substitution mutant (-NLS) were localized to the cytoplasm. Since the images of Orc6 mutant proteins that localized to the nucleus were indistinguishable from wild-type Orc6, only 6C is shown as an example. Cells were stained with Hoechst to visualize nuclear DNA and with anti-FLAG antibody to visualize FH-Orc6. Transiently expressed Orc6(T195A) was localized both in the nuclear and cytoplasmic compartments. 90% of transiently expressed Orc6(T195E) cells were localized to the nucleus and 10% was in the cytoplasm. However, constitutively expressed Orc6(T195A) and Orc6(T195E) were localized to the nucleus, as discussed in the text. Transient expression assays were carried out on HeLa cell monolayers. Constitutive expression of Orc6 and other proteins was engineered in HeLa-RR cells that proliferate in suspension. An anti-FLAG immuno-precipitate was prepared from a TK100 extract of 20x10 8 cells that constitutively expressed FH-Orc6. The IP was then fractionated by glycerol gradient centrifugation (4 ml 10-25% glycerol gradient, 5 hours, 55,000 rpm, 10°C, Beckman Ti-60 rotor), and aliquots from each fraction were subjected to Western immuno-blotting using the indicated antibody. (B) Orc6 is the only ORC subunit bound to karyopherin-α. TK100 extracts were prepared from HeLa-RR cell lines that constitutively expressed one of the six FH-tagged ORC subunits (1, 2, 3, 4, 5 or 6). Anti-FLAG immuno-precipitates were fractionated by SDS-PAGE and immuno-blotted using anti-Kpna (upper panel) and anti-FLAG (lower panel) antibodies. Experiments with the six FH-tagged ORC subunits were done at different times and therefore separate gels are presented together. Orc6 was associated weakly with other ORC subunits in TK100 cell extracts. The indicated FH-ORC subunit was purified in two steps from TK100 and TK300 extracts of 20x10 7 cells constitutively expressing either FH-ORC3, 4, 5, or 6. FH-ORC subunits were first purified by elution from anti-FLAG resin using FLAG peptide. (C) The FLAG eluent was then applied to anti-HA resin and HA-tagged proteins eluted off with HA-peptide. HeLa-RR cells transformed with the empty expression vector served as a control (vector). Each immuno-precipitate (IP) was subjected to Western immuno-blotting using the indicated antibody. Figure 6 . Both GN50 and GN300 extracts of HeLa cells contained stable complexes of ORC (1) (2) (3) (4) (5) (6) . (A) FH-Orc1 was purified from a GN300 extract of 20x10 7 cells by two-step affinity chromatography, and 100 µ l was layered over a 3.7 ml 10% to 25% linear glycerol gradient in GN300. The gradient was centrifuged in a Beckman SW60 rotor for 4.5 h at 55,000 rpm (4°C). (B) FH-Orc2 was purified from a GN50 extract of 20x10 7 cells and subjected to glycerol gradient centrifugation in GN50. (C) FH-Orc6 was purified as in (B). (11, 13) , and the winged-helix motif. The ΔAAA+ deletion mutant was missing residues 482 to 744, and the ΔW-H deletion mutant was missing residues 783 to 861. The -NLS mutation replaced 261RIKRK265 to 261GLEGV265. (B) FH-Orc1 was immuno-precipitated from each of the indicated cell lines with anti-FLAG antibodies; the precipitate was fractionated by SDS-PAGE and then subjected to Western immunoblotting using anti-FLAG, anti-Orc3 and anti-Orc2 antibodies. (C) HeLa-RR cells constitutively expressing the indicated FH-Orc1 protein were stained with anti-FLAG antibodies to detect FH-Orc1 and Hoechst to stain DNA. Figure 10 . Dynamic model for ORC assembly in human cells. A stable ORC(2-5) core complex forms in the presence of ATP and is transported into the nucleus by a mechanism that is dependent on the Orc2 NLS and ORC assembly domain, and perhaps the Orc3 NLS, as well. Orc1 enters the nucleus by a mechanism that is dependent on the Orc1 NLS, but not on the Orc1 ORC assembly domain. Orc1 then binds to ORC(2-5) to form a complex that, in the presence of ATP, can bind to DNA in vitro and to the chromatin fraction in vivo. Karyopherin-α6/1 (Kpna) binds to Orc6 in the cytoplasm, and then transports it into the nucleus where it is assembled into ORC(2-6) and Orc (1) (2) (3) (4) (5) . Orc6 phosphorylation facilitates Orc6 nuclear localization.
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